Introduction
FSH is a major glycoprotein hormone of the hypothalamus-pituitary-gonadal axis acting via its specific membrane receptor, FSHR, a member of the glycoprotein family of G protein coupled receptors (1) (2) (3) . After FSH specifically binds to multi-leucine repeat sequences in the extracellular domain of FSHR (4), its signal is transduced by G proteins activating adenylyl cyclase with intracellular production of cAMP then activation of protein kinase A. Resultant protein phosphorylation achieves a series of physiological effects including activating aromatase and inducing LH receptor, jointly acting to generate estrogen which cooperates with FSH in follicular development (1) .
FSH is the main controlling factor for Fshr gene expression (5) . In rats from birth to 3 days, the ovaries do not respond to FSH, but there is rapid cAMP generation in response to FSH upon the transcription of full-length Fshr (1) . In different follicular stages, the expression level of Fshr mRNA is negatively correlated with size of follicles (6, 7) , probably because the dependence of follicles on FSH differs throughout development: small follicles need more FSH stimulation, so the content of Fshr mRNA is highest in the granulosa cells. In addition, some paracrines such as EGF, FGF, IGF-l and TGF-β, also can participate in the regulation of Fshr gene expression (8) (9) (10) (11) (12) .
FSH is mainly secreted by the pituitary gland, to regulate gonadal development and function after delivery through the bloodstream (13) (14) (15) (16) (17) . Additionally, FSH can be secreted from the stomach (18) , but it is unclear whether this regulates reproductive or other functions. Consistent with the classic roles of FSH in steroidogenesis (19) , Fshr is mainly expressed in the reproductive system (13) (14) (15) (16) (17) . The receptor is also expressed in some non-reproductive organs and tissues (18, 20) where it plays roles in regulating the development of the skeletal system and others (21) (22) (23) (24) . As yet, there are no reports that Fsh mRNA and Fshr mRNA are expressed and regulate lipid deposition in adipose tissue, whereas ESR has been shown to be important for the regulation of lipid metabolism (22) .
As FSHR and ESR have complementary function in reproduction (1) , it was speculated that FSH and FSHR might play a role in the regulation of lipid metabolism of abdominal adipose tissue.
In the present study, the expression of Fshr gene in adipose tissue was verified using BJY chickens, an indigenous Chinese breed with superior meat quality. The expression of Fshr mRNA was shown to be up-regulated by FSH and mediated FSH-stimulated lipid deposition via multiple signaling pathways.
Results
1 Fshr mRNA and its protein are expressed in adipose tissue of chicken.
To determine if Fshr gene is expressed in chicken adipose tissue, total RNA were isolated from AF, and Fshr mRNA expression was detected at the transcript and protein level. After RT-PCR, the expected 261 bp product was verified by electrophoresis and the product was confirmed by sequencing. The results show that Fshr mRNA is present in AF (Figure 1-A) . ISH detected Fshr transcripts in the thin shell of cytoplasm peripheral to the lipid locule (Figure 1-B) while the FSHR protein was more narrowly detected, by immunocytochemistry, to be likely in the plasmalemma (Figure 1-C) . These results demonstrate unequivocally that Fshr gene is expressed in chicken AF.
The Fsh gene was not expressed, but FSH was detected in adipose tissue
The possible expression of Fsh gene and presence of FSH protein in adipose tissue were next assessed. RT-PCR, using cDNA from the pituitary as a positive control, failed to detect Fsh transcripts in AF (Figure 2-A) . In contrast, there was consistent immunocytochemical evidence for the presence of the FSH protein, again peripheral to the fat locules, probably in the plasmalemma (Figure 2-B) . there was no AF, changes in all of these variables were highly inter-related. Partial correlations were derived to gain insight into the strongest direct relationships ( Table 2) .
The most important findings were: AF was very highly correlated with Fshr mRNA levels, independently of receptor protein and tissue FSH (r 12 
FSH regulates the lipid biosynthesis through multiple pathways
The Agilent gene expression microarray was used to explore the pathways by which 
Discussion
In addition to its well-known role in the classic hypothalamo-pituitary-gonadal axis, FSH is synthesized in extra-pituitary locations (18) and is now believed to have direct actions in a variety of non-gonadal tissues (21) (22) (23) (24) , consistent with the demonstration of Fshr mRNA expression in non-reproductive tissues (20) . Given the cooperativity between actions of FSH and estrogen, for example in follicular development (1) 
RNA Extraction
Total RNA was isolated from the frozen tissues using Trizol reagent according to the manufacturer's protocol (Invitrogen, USA). After removal of any genomic DNA, RNA was dissolved at 1 μg/μl and stored at -80°C for use in RT-PCR and q-PCR. respectively. Aliquots of the PCR products were assessed by electrophoresis in 1.5% agarose gels and amplicons were sequenced (Takara, Japan) to verify authenticity.
RT-PCR

Q-PCR
The abundance of Fshr mRNA in abdominal adipose tissue at each age and in adipocytes incubated with FSH (see below) was quantified by q-PCR using the same primers in RT-PCR. Each 25μl PCR mixture contained 12.5μl of 2× iQ™ SYBR Green Supermix, 0.5μl (10 mM) of each primer and 1μl of cDNA. Mixtures were incubated in an iCycler iQ Real-time Detection system (Bio-Rad, USA). Quantification of the transcripts was performed using a standard curve with 10-fold serial dilutions of cDNA.
A melting curve was constructed to verify that only a single PCR product was amplified.
Samples were assayed in triplicate with standard deviations of CT values not exceeding 0.5 on a within-run basis, and each analysis was repeated at least twice. Negative (without template) and positive controls (ovary) were included within each assay.
In situ hybridization (ISH)
Paraffin-embedded sections (10 μm) from three birds were prepared. Sequential sections were divided into 3 sets and were used for Fshr mRNA ISH, following established methodology (25) . The antisense probe hybridized to bp 625-885 of the Fshr mRNA coding region (GenBank Acession No.NM-205079).
Immunohistochemistry
Paraffin-embedded sections (10 μm) from three birds were de-waxed in xylene (2×5 minutes) and 100% ethanol (2×2 minutes), then re-hydrated through a graded ethanol series (95%, 70%, 50%, and 30%), each for 2 minutes, and finally with distilled water. 
Measurement of FSH and FSHR levels
Concentrations of FSH and FSHR in abdominal fat, and adipocytes that were induced by FSH, were measured using chicken-specific FSH ELISA kit (Zhonghao 
Microarray analyses and q-PCR
Microarray hybridization analysis was performed using RNA from cells treated with 0 and 20 mIU/ml FSH for 6 d according to the Agilent Expression Analysis Technical Manual (GeneTech Biotechnology Limited Company, Shanghai, China). DE genes were identified by ≥ 1.5 fold-changes and p-value < 0.05 in ANOVA. GO enrichment analysis of the DE genes was performed using the GOEAST software toolkit.
The significance level of GO term enrichment was set as FDR-adjusted p-value < 0.1 by the Yekutieli method and KEGG pathway information was used in this analysis.
Pathways that were significantly enriched in DE genes were identified by the hypergeometric test using R packages (p < 0.1, FDR-adjusted). Minor pathways with < 2 known chicken genes were discarded. For several genes, the expression of which was markedly altered by treatment with FSH, the microarray data were verified by q-PCR using specific primers (Table 1) . Q-PCR was performed as indicated above.
FSH treatment of female chickens
To examine changes in plasma concentrations resulting from exogenous FSH, three 
